ABSTRACT: Brahman × British crossbred heifers (n = 40 and 38 heifers in yr 1 and 2, respectively) were used to evaluate the effects of calf weaning age and subsequent management system on growth and reproductive performance. On d 0, heifers were ranked by BW (89 ± 16 kg) and age (72 ± 13 d) and randomly assigned to a conventional management group that was normally weaned on d 180 (NW; n = 10 heifers annually) or early weaned (EW) on d 0 and 1) limit fed a highconcentrate diet at 3.5% of BW (as fed) in drylot until d 180 (EW180; n = 10 heifers annually), 2) limit fed a high-concentrate diet at 3.5% of BW (as fed) in drylot until d 90, then grazed on Bahiagrass pastures until d 180 (EW90; n = 10 heifers annually), or 3) grazed on annual ryegrass pastures until d 60 (yr 1; n = 10 heifers) or 90 (yr 2; n = 8 heifers), then on Bahiagrass pastures until d 180 (EWRG). On d 180, all heifers were grouped by treatment and rotated on Bahiagrass pastures until d 390. Grazing heifers were supplemented at 1.0% BW until d 180 and at 1.5% BW from d 180 to 390. From d 0 to 90, EW180 and EW90 heifers were heavier (P ≤ 0.02) than NW and EWRG heifers, whereas NW heifers tended (P = 0.09) to be heavier on d 90 than EWRG heifers. In yr 1 and 2, EW180 heifers were heaviest (P < 0.0001) on d 180. In yr 1, EWRG heifers were lightest (P < 0.0001), whereas EW90 and NW heifers had similar BW (P = 0.58). Conversely, EW90, EWRG, and NW heifers achieved similar BW on d 180 of yr 2 (P ≥ 0.18). Positive correlations were detected (P ≤ 0.05) between liver IGF-1 mRNA abundance on d 90 and ADG from d 0 to 90 and between liver IGF-1 mRNA abundance on d 180 and ADG from d 90 to 180. The EW180 heifers were youngest (P ≤ 0.01) at puberty. From d 260 to 340, the percentage of pubertal heifers was greater (P ≤ 0.03) for EW90 vs. NW heifers but did not differ (P ≥ 0.15) between EWRG and NW heifers. The ADG from d 0 to 90 and the plasma IGF-1 on d 90 and 180 explained approximately 34% of the variability in age at puberty. In summary, the EW90 and EW180 heifer management systems evaluated in this study altered the BW at the time of NW and were good alternatives for anticipating puberty achievement compared to NW heifers.
0.02) than NW and EWRG heifers, whereas NW heifers tended (P = 0.09) to be heavier on d 90 than EWRG heifers. In yr 1 and 2, EW180 heifers were heaviest (P < 0.0001) on d 180. In yr 1, EWRG heifers were lightest (P < 0.0001), whereas EW90 and NW heifers had similar BW (P = 0.58). Conversely, EW90, EWRG, and NW heifers achieved similar BW on d 180 of yr 2 (P ≥ 0.18). Positive correlations were detected (P ≤ 0.05) between liver IGF-1 mRNA abundance on d 90 and ADG from d 0 to 90 and between liver IGF-1 mRNA abundance on d 180 and ADG from d 90 to 180. The EW180 heifers were youngest (P ≤ 0.01) at puberty. From d 260 to 340, the percentage of pubertal heifers was greater (P ≤ 0.03) for EW90 vs. NW heifers but did not differ (P ≥ 0.15) between EWRG and NW heifers. The ADG from d 0 to 90 and the plasma IGF-1 on d 90 and 180 explained approximately 34% of the variability in age at puberty. In summary, the EW90 and EW180 heifer management systems evaluated in this study altered the BW at the time of NW and were good alternatives for anticipating puberty achievement compared to NW heifers.
INTRODUCTION
Metabolic imprinting is an epigenetic response to a nutritional challenge during early life that permanently alters physiological outcomes in later life (Lucas, 1991; Du et al., 2010) . Thus, identifying nutritional strategies that enhance calf performance during early life, and subsequently improving adult production parameters, may provide unique opportunities to optimize feed resources and increase the profitability of beef cattle operations. For instance, mild winters in the southeast United States allow beef producers to raise fall-born, early-weaned (EW) calves on annual cool-season grass, such as ryegrass pastures (Arthington and Kalmbacher, 2003; Vendramini et al., 2006; Vendramini and Arthington, 2008) .
Early weaning heifers at approximately 90 d of age may permanently change the performance of young heifers. For instance, Gasser et al. (2006c,d) reported that Bos taurus heifers weaned at approximately 90 d of age and then provided a high-concentrate diet until breeding had greater puberty attainment at the onset of the breeding season than suckling heifers weaned at a traditional age of 7 mo (normally weaned, NW). However, information related to alternative nutritional managements for EW calves and their long-term impact on reproductive performance of beef heifers is limited. Further, it remains unknown if a short period of exposure to high-concentrate diets, immediately after EW, is able to hasten the puberty achievement of Bos indicus-influenced heifers, which often reach puberty at older ages than Bos taurus beef heifers (Rodrigues et al., 2002) . Thus, effective use of the EW management systems for heifer development requires further refinement. We hypothesized that providing high-concentrate diets to EW heifers for at least 90 d would increase the growth and puberty attainment of EW beef heifers. Thus, our objectives were to evaluate the effects of post-EW nutritional management systems on growth and puberty attainment of Bos indicus-influenced beef heifers.
MATERIALS AND METHODS
All procedures for the 2-yr study (2011 and 2012) were conducted at the Range Cattle Research and Education Center (RCREC; University of Florida, located at Ona, FL; 27°23´N, 81°57´W, 24 m elevation). Animals were housed in drylot pens or pasture and used in accordance with the Guide for the Care and Use of Agricultural Animals Used in Agricultural Research and Teaching (FASS, 1999) .
Animals and Diets
Seventy-eight Brahman × British crossbred heifers (n = 40 and 38 heifers in yr 1 and 2, respectively) were used to evaluate the effects of calf management systems, following EW, on growth and puberty attainment of beef heifers. The study began on the day of EW (d 0; 11 and 25 January 2011 and 2012, respectively), which corresponded with the start of a 3-mo breeding season for the mature cowherd (Fig. 1) . On d 0, heifers were stratified by BW and age (BW = 83 ± 10 and 92 ± 14 kg; age = 69 ± 9 and 74 ± 13 d for yr 1 and 2, respectively) and randomly assigned to a conventional management group that was NW on d 180 (n = 10 heifers annually) or EW on d 0 and 1) limit fed a high-concentrate diet in drylot until d 180 (EW180; n = 10 heifers annually), 2) limit fed a high-concentrate diet in drylot until d 90, then grazed on Bahiagrass pastures (Paspalum notatum) until d 180 (EW90; n = 10 heifers annually), or 3) grazed on ryegrass (Lolium multiflorum) pastures until d 60 (yr 1; n = 10 heifers) or 90 (yr 2; n = 8 heifers), then grazed on Bahiagrass pastures until d 180 (EWRG; Fig. 1 ). Following treatment assignment, all heifers were again stratified by BW and age within each treatment and then randomly assigned to 1 of 2 pens (or pastures). Following pen (or pasture) assignment, NW heifers and multiparous cows (mean BW = 456 ± 50 kg; age = 7 ± 3 yr) were returned to their respective Bahiagrass pastures, whereas all EW heifers remained in the cow pens for 7 d with free-choice access to long-stem stargrass (Cynodon nlemfuensis) hay, water, and a preconditioning receiving ration (guaranteed analysis, as fed: 14% CP, 1.0% fat, 18% fiber, 0.75% Ca, 0.40% P, and 0.40% NaCl, Land O'Lakes Purina Feed LLC, Gray Summit, MO). Average consumption of the preconditioning concentrate was 0.90 kg/heifer daily (as fed), and no health problems were reported during the preconditioning period.
Early-weaned heifers in drylot (EW90 and EW180 heifers) were gradually transitioned to a high-concentrate diet (Table 1) (Table 1) was offered from d 7 to 20, starting at 1.5% . NW = heifers remained with cows without concentrate supplementation until d 180; EW180 = heifers early weaned and limit fed a high-concentrate diet at 3.5% of BW (as fed) in drylot until d 180; EW90 = heifers early weaned and limit fed a high-concentrate diet at 3.5% of BW (as fed) in drylot until d 90, then grazed on Bahiagrass pastures and fed the high-concentrate diet at 1.0% of BW (as fed) until d 180; EWRG* = heifers early weaned, grazed on ryegrass pastures and fed the high-concentrate diet at 1.0% of BW (as fed) until d 60 (yr 1) or 90 (yr 2), and then grazed on Bahiagrass pastures and fed the high-concentrate diet at 1.0% of BW (as fed) until d 180.
of BW (as-fed basis), and was then gradually increased to allow free-choice consumption (average intake = 3.2% and 3.4% ± 0.82% of BW in yr 1 and 2, respectively). On d 21, EW90 and EW180 heifers were transitioned to a high-concentrate diet (average intake from d 21 to 59 = 4.1% and 4.2% ± 0.73% of BW in yr 1 and 2, respectively). Two cases of bloat were detected on d 59 of yr 1. Thereafter, the final high-concentrate diet was limit fed at 3.5% of BW (as fed), and chopped stargrass hay (DM basis: 54.7% TDN, 12.8% CP, 69.7% NDF, 36.0% ADF, 0.57% Ca, and 0.30% P) was top dressed at 0.45 kg/heifer daily (as fed) for the remaining period in drylot. The same bunk management was applied in yr 2, even though no cases of metabolic disorders were detected. On d 90, EW90 heifers were transferred to Bahiagrass pastures (2 paddocks annually; 5 heifers/paddock), and the highconcentrate diet offer was gradually decreased (0.5% of BW every 3 d) from 3.5 to 1.0% of BW (as fed). During the grazing period (d 7 to 180), EW heifers on pasture were supplemented with the final high-concentrate diet at 1.0% of BW (as fed). Early-weaned heifers on pasture consumed all high-concentrate diet offered, and thus, no refusals were observed before the next morning feeding.
From d 0 to 60 (yr 1) and 90 (yr 2), EWRG heifers were allocated into 1 of 2 ryegrass pastures (0.3 ha each) in a fixed and continuous stocking rate (n = 5 and 4 EWRG heifers/pasture in yr 1 and 2, respectively). From d 90 to 180, EW90 and EWRG heifers were allocated onto 1 of 4 Bahiagrass pastures (0.4 ha each; 2 pastures/ treatment) in a fixed and continuous stocking rate (n = 5 EW90 heifers/pasture in both years, and n = 5 and 4 EWRG heifers/pasture in yr 1 and 2, respectively).
On d 60 and 180, all heifers were vaccinated with One Shot (Zoetis Animal Health, New York, NY), Bovi-Shield Gold 5 (Zoetis Animal Health, Exton, PA), and Ultraback 8 (Zoetis Animal Health, Exton, PA) and treated for internal parasites (Safeguard; Merck Animal Health, Summit, NJ).
On d 180, NW heifers were weaned, and all heifers were grouped by treatment and allocated into 1 of 8 Bahiagrass pastures (0.8 ha each; 1 pasture/treatment). Thereafter, heifers were rotated among pastures every 10 d and supplemented with the high-concentrate diet at 1.5% of BW until d 390. From d 180 to 390, each group of heifers consumed all high-concentrate diet offered, and thus, no refusals were observed before the next morning feeding. On d 330, yearling Brahman × British crossbred bulls were placed with heifers (1 bull/group; 1:10 bull to heifer ratio), and then bulls were rotated among groups every 10 d until d 390. Each bull was required to cover 10 heifers within a 0.8-ha area, and no visual heat detection was performed. During the breeding season, the total concentrate offered per pasture was increased by 10% (as fed) to adjust for bull consumption, and free-choice access to long-stem stargrass hay was provided starting at approximately 30 d (d 360 of the study) after initiation of the breeding season. Freechoice access to water and a complete commercial mineral-vitamin mix (Cattle Select Essentials Range, Lakeland Animal Nutrition, Lakeland, FL; 6.0%, 0.10%, 0.10%, 0.30%, 63%, and 1.0% of Ca, K, Mg, S, NaCl, and P, respectively, and 50, 1,500, 800, 210, 500, 40, and 3,000 mg/ kg of Co, Cu, Fe, I, Mn, Se, and Zn, respectively) were provided to heifers throughout the study.
Data Collection
Heifers were individually weighed every 30 d from d 0 to 390, following a 6-h period of feed and water 2 Final high-concentrate diet was provided in amounts to ensure free-choice consumption from d 21 to 59 and limit fed at 3.5% of BW (as fed) for the remaining period in drylot. Final diet was used as the supplement for heifers on pasture.
3 Bovatec 90, Alpharma Inc., Fort Lee, NJ.
4 Calculated as described by Weiss et al. (1992) .
5 Estimated using level 2 of Cornell Net Carbohydrate and Protein System (CNCPS; version 5.0.29).
6 peNDF = physically effective NDF.
withdrawal. On d 0 (yr 1 and 2), 3 heifers/treatment were randomly selected for liver biopsies on d 90, 180, and 270. Liver samples were collected via needle biopsy, following the techniques described by Arthington and Corah (1995) . Immediately after collection, approximately 100 mg of wet liver tissue was placed into 1 mL of RNA stabilization solution (RNAlater, Ambion Inc., Austin, TX), kept on ice for 6 h, and stored at -80°C. Approximately 6 mL of blood were collected via jugular venipuncture in sodium-heparin-containing (158 USP) tubes (Vacutainer, Becton Dickinson, Franklin Lakes, NJ) on d 0, 90, 180, and 270, following feed and water withdrawal, and also every 10 d from d 180 to 390, before concentrate supplementation. In yr 1, blood samples were collected on d 90 only from heifers selected for liver biopsies, then from all heifers for the remaining blood collection days. In yr 2, blood samples were collected from all heifers at all collection days. Blood samples were immediately placed on ice after collection and then centrifuged at 1,200 × g for 25 min at 4°C. Plasma was stored frozen at -20°C until laboratory analysis.
The LM was scanned twice between the 12th and 13th ribs on d 180 and 270 using an Aloka real-time ultrasound scanner (3.5-MHz linear array transducer, Aloka 500V, Corimetrics Medical Systems Inc., Wallingford, CT). Pregnancy status of heifers was determined by transrectal ultrasonography (5-MHz linear array transducer) at 100 and 66 d after bull removal (d 490 and 456) in yr 1 and 2, respectively, and was confirmed at calving.
Herbage mass (HM) was determined monthly from d 0 to 180, as described by Vendramini and Arthington (2008) . Average herbage allowance (HA; Table 4) was calculated as the average herbage mass (kg of DM/ha) multiplied by area of each experimental unit (ha) and divided by total calf BW (kg) on the experimental unit (Sollenberger et al., 2005) . Hand-plucked samples of pastures were collected monthly from d 0 to 390, dried at 60°C in a forced-air oven for 72 h, and ground in a Wiley mill (Model 4, Thomas-Wiley Laboratory Mill, Thomas Scientific, Swedesboro, NJ) to pass a 1-mm stainless steel screen. Ryegrass CP was calculated as 6.25 × N concentration, which was measured using modifications of the aluminum block digestion technique (Gallaher et al., 1975) . In vitro OM digestibility (IVOMD) concentration was determined by the 2-stage procedure of Tilley and Terry (1963) , modified by Moore and Mott (1974) . Average nutritive value of ryegrass pastures was 18 ± 2% CP (DM basis) and 73 ± 3% IVOMD. Bahiagrass samples from d 90 to 180 and stargrass hay samples were pooled by year and sent in duplicate to a commercial laboratory for wet chemistry analysis (Dairy One Laboratory, Ithaca, NY). Average nutritive value of Bahiagrass pastures and stargrass hay were, respectively, 10.9% and 8.3% CP and 42% and 50% TDN (DM basis).
Plasma and Liver Tissue Analysis
Plasma samples collected on d 90, 180, and 270 were used to determine IGF-1 concentration, whereas plasma samples collected from d 180 to 390 were obtained to determine progesterone (P4) concentration. Heifers were considered pubertal if 2 consecutive samples had plasma P4 concentrations ≥ 1.5 ng/mL (Cooke et al., 2007) ; then puberty attainment was declared on the first day of high plasma P4 concentration.
Plasma concentrations of IGF-1 were determined in singles, using a human-specific commercial ELISA kit (SG100; R&D Systems Inc., Minneapolis, MN) with 100% cross-reactivity with bovine IGF-1 and previously validated for bovine samples as described by Moriel et al. (2012) . In each ELISA plate, a standard plasma sample was assayed in quadruplicate to calculate the intra-and interassay CV for IGF-1 assays. Plasma concentrations of P4 were analyzed in singles using a Coat-A-Count solid-phase 125 I RIA kit (DPC Diagnostic Products Inc., Los Angeles, CA). Standard plasma samples, containing high and low plasma concentrations of P4, were analyzed in quadruplicate in each assay to determine the intra-and interassay CV for P4 assays. Intra-and interassay CV were, respectively, 3.2% and 7.8% for IGF-1 and 7.0% and 8.1% for P4 assays.
Liver tissue was homogenized using 10 mL TRIzol (Invitrogen, Carlsbad, CA) and a mechanical tissue disruptor, followed by nucleic acid extraction with 2 mL of chloroform, RNA precipitation by isopropanol, and pellet formation after centrifugation (10,000 × g for 10 min at 18˚C). Thereafter, RNA isolation was performed using a commercial RNA purification kit (TRIzol Plus; Invitrogen). The quantity and quality of extracted RNA were measured via UV absorbance at 260 nm and a 260/280 nm ratio, respectively (GeneQuant spectrophotometer, Amersham Pharmacia Biotech, Cambridge, UK). Only RNA samples containing a 260/280 ratio above 1.9 were used for further analysis, whereas RNA samples containing a ratio less than 1.9 were discarded, and the respective liver tissue sample was selected for a second RNA extraction. As described by Gonzalez et al. (2008) , real-time reverse transcription PCR analysis was performed to assess the mRNA expression of growth hormone receptor 1 A (GHR-1A), IGFBP-3, and IGF-1, using bovine-specific primer sets (Table 2) . Bovine 18S rRNA (18S) threshold cycle (Ct) values did not differ among treatments (P ≥ 0.64) and were used as a housekeeping gene for computation of ΔCt values and subsequent calculation of the relative fold change (2-ΔΔCt), as described by Ocón-Grove et al. (2008) . A control RNA sample was included in each PCR plate for the intra-and inter-CV calculations. Intraand inter-assay CV were, respectively, 0.9 and 7.0% for 18S, 0.5 and 2.3% for GHR-1A, 0.5 and 3.5% for IGF-1, and 0.4 and 3.3% for IGFBP-3 assays.
Statistical Analysis
All data were analyzed as a completely randomized design using pen as the experimental unit. Except for reproductive performance, all data were tested for fixed effects of treatment, year, and the resulting interaction using the MIXED procedure of SAS (version 9.2; SAS Inst. Inc., Cary, NC). The Satterthwaite approximation was used to determine the correct denominator degrees of freedom for the test of fixed effects. Body weight of heifers on d 0 was included as a covariate for BW and ADG analysis. The random effects included pen within treatment by year and heifer within pen in all data analysis, except for pasture evaluation, which included only pasture within treatment by year. The growth curve of heifers was divided into 3 periods (d 0 to 90, 90 to 180, and 180 to 390) to better determine when treatments responses were evident, as suggested by Owens et al. (1993) . Monthly BW of heifers within each growth period, liver gene expression, plasma concentrations of IGF-1, HM, and HA were analyzed as repeated measures using the MIXED procedure of SAS. If treatment × time × year effect was detected (P ≤ 0.05), then treatment × time effect was analyzed separately within each year. The covariance structure was selected on the basis of the lowest Akaike information criterion. Thus, autoregressive 1 covariance structure was used for the analysis of growth performance of heifers, whereas compound symmetry was used for the analysis of liver gene expression, plasma IGF-1 concentrations, and pasture evaluation. A prediction equation for age at puberty was developed using the stepwise REGRESSION procedure of SAS. Predictors having P-values > 0.10 were removed from the final model. Pearson's correlation coefficients were calculated for all liver gene expression, plasma IGF-1 concentrations, and growth performance, using the CORR procedure of SAS. Puberty achievement and pregnancy rates of heifers were tested for fixed effects of treatment, year, and the resulting interaction using the GLIMMIX procedure of SAS and with pen within treatment by year and heifer within pen as the random effects. All results are reported as least squares means. Data were separated using PDIFF if a significant preliminary F test was detected. Significance was set at P ≤ 0.05, and tendencies were determined if P > 0.05 and ≤ 0.10.
RESULTS AND DISCUSSION
A treatment × time effect was detected (P < 0.0001) for BW of heifers from d 0 to 90. On d 30, 60, and 90, EW180 and EW90 heifers were heavier (P ≤ 0.02) than NW and EWRG heifers. However, NW heifers had similar BW (P ≥ 0.12) on d 0 and 60 and tended (P = 0.09) to be heavier on d 90 compared to EWRG heifers (Fig. 2) . In addition, a treatment × year effect was detected (P < 0.01) for ADG of heifers from d 0 to 60 (Table 3) . From d 0 to 60, EWRG heifers had greater (P = 0.05) ADG in yr 1 but similar (P = 0.28) ADG in yr 2 compared with NW heifers. Nevertheless, EW180 heifers were always heaviest (P < 0.0001) at the time of NW (d 180). In yr 1, EWRG heifers were lightest (P < 0.0001), whereas EW90 and NW heifers had similar BW (P = 0.58; Fig. 3a) . Conversely, EW90, EWRG, and NW heifers achieved similar BW on d 180 of yr 2 (P ≥ 0.18; Fig. 3b ). Thus, placing EW heifers on ryegrass pastures for 60 to 90 d and placing them on a high-concentrate diet in drylot for at least 90 d are comparable heifer growth alternatives in the EW calf management system when compared to NW heifers.
Herbage mass and HA of ryegrass and Bahiagrass pastures are shown in Table 4 . Although initial ryegrass HM and HA were greater than previously reported by others (Vendramini and Arthington, 2007) , the average amount of rainfall received from d 0 to 60 in yr 1 and 2 were 85% and 74%, respectively, of the average rainfall received at RCREC during 2010 RCREC during (261, 222, and 193 mm for 2010 RCREC during , 2011 RCREC during , and 2012 , which influenced the subsequent HM production. In yr 1, ryegrass HM after 60 d of grazing was 430 kg of DM/ha and was not sufficient for the remaining grazing period. Hence, EWRG heifers were transferred to Bahiagrass pastures 30 d earlier than expected (d 60 of yr 1). In yr 2, ryegrass HM and HA after 70 d of grazing were 774 kg of DM/ha and 0.39 kg of DM/kg of BW, respectively. This HA on d 70 is slightly below the threshold of 0.50 kg of DM/kg of BW that limits the growth performance of EW calves (Vendramini et al., 2006) . Except for d 135 and 165 of yr 1, Bahiagrass HA was always greater (P ≤ 0.009) for EWRG vs. EW90 heifers in yr 1 and 2, likely because of the lighter BW of EWRG vs. EW90 heifers in both years and the lower stocking rate for EWRG heifers in yr 2 vs. 1 (12.5 vs. 10 heifers/ha in yr 1 and 2, respectively). Despite the similar nutritional management from the time of NW until the end of the breeding season, EW180 heifers had reduced (P ≤ 0.03) ADG compared with EW90 and EWRG heifers but similar (P = 0.12) ADG compared with NW heifers (Table 3 ). The reduced ADG of EW180 heifers may be attributed to the stress associated with dietary modifications, moving to an unfamiliar location, and differences in body fat concentration leading to greater nutrient requirements. As the initial body fat concentration increases, the ME allowable for growth decreases (NRC, 2000) , which in turn reduces the growth rate and feed efficiency of cattle. In agreement, EW180 heifers had the greatest (P ≤ 0.04) BF thickness on d 180 and 270 (Table  3) , which indicates that EW180 heifers had a greater degree of fatness than EW90, EWRG. and NW heifers. In addition, NW heifers had reduced (P = 0.03) ADG compared with EWRG heifers from d 180 to 390 (Table 3 ). The capacity for compensatory growth diminishes as the age at nutrient restriction declines (Berge, 1991; Greenwood and Cafe, 2007) . Calves that were nutrient restricted from 4 to 8 mo of age experienced compensatory gain following realimentation, but calves that were nutrient restricted before 4 mo of age did not (Morgan, 1972) . Heifers averaged 4 mo of age on d 60 of the study. Hence, the reduced ADG experienced by NW heifers from d 0 to 60, particularly in yr 1, may have decreased their subsequent capacity for compensatory gain. In contrast, the reduced ADG of EWRG heifers from d 60 to 90 may have allowed a certain degree of compensatory gain from d 180 to 390. Despite the slight differences in ADG, EW180 heifers were always heaviest (P ≤ 0.04) and EWRG heifers lightest (P ≤ 0.05), whereas EW90 and NW heifers had similar (P ≥ 0.55) BW from d 180 to 390 of yr 1 (Fig. 3a) . From d 180 to 390 of yr 2, EW180 heifers were also heaviest (P ≤ 0.003), whereas EWRG, EW90, and NW heifers had similar (P ≥ 0.37) BW (Fig. 3b) .
The binding of GH to GHR-1A stimulates hepatic synthesis of IGF-1 (Carter-Su and Smith, 1998) and is highly correlated with the hepatic mRNA abundance of GHR-1A and IGF-1 (Lucy et al., 2001) . Hepatic synthesis of IGF-1 is regulated primarily at the transcriptional level (Thissen et al., 1994) and is the major source of circulating IGF-1 (Yakar et al., 1999) , which is also responsible for stimulating the hepatic expression of IGFBP-3 (Thissen et al., 1994) . Thus, an increased hepatic amount of GHR-1A mRNA enhances the capacity for GH binding (Lapierre et al., 1992) and the hepatic synthesis of IGF-1 (Radcliff et al., 2004) . This mutual regulation among the components of the somatotropic axis is supported by our results. The liver mRNA abundances of GHR-1A, IGF-1, and IGFBP-3 were positively correlated at any sampling date (Table 5) , whereas the liver IGF-1 mRNA abundance and plasma IGF-1 concentrations were positively correlated at all sampling dates (P ≤ 0.005; r = 0.68 and 0.58 for d 90 and 180, respectively).
A tendency for a treatment × time × year effect was detected (P = 0.09) for hepatic abundance of GHR-1A mRNA. In yr 1, a treatment × time effect was detected (P = 0.001) for liver GHR-1A mRNA ( Fig. 4 ; SEM = 0.22), whereas in yr 2, a treatment effect (P = 0.04), but not treatment × time effect (P = 0.38), was detected for a-c Within a row, means without a common superscript differ (P ≤ 0.05).
1 Means pooled by treatment if treatment × year effect was not detected (P > 0.10).
2 NW = heifers remained with cows without concentrate supplementation until d 180; EW180 = heifers early weaned and limit fed a high-concentrate diet at 3.5% of BW (as fed) in drylot until d 180; EW90 = heifers early weaned and limit fed a high-concentrate diet at 3.5% of BW (as fed) in drylot until d 90, then grazed on Bahiagrass pastures until d 180; EWRG = heifers early weaned, grazed on ryegrass pastures until d 60 (yr 1) or 90 (yr 2), then grazed on Bahiagrass pastures until d 180.
3 Year comparison within each treatment.
liver abundance of GHR-1A mRNA (1.42, 1.02, 1.62, and 1.10 ± 0.130 fold increase for NW, EW180, EW90, and EWRG heifers, respectively). In yr 2, EW90 heifers had a liver GHR-1A mRNA abundance similar (P = 0.30) to NW heifers but greater than EW180 and EWRG heifers. However, the abundance of GHR-1A mRNA was similar (P = 0.11) between EW180 and EWRG heifers and greater (P < 0.01) for NW vs. EWRG heifers. Treatment × time effects were also detected (P ≤ 0.008) for liver IGF-1 mRNA abundance ( Fig. 5a ; SEM = 0.18) and plasma concentrations of IGF-1 ( Fig. 5b ; SEM = 11.4) but not for liver IGFBP-3 mRNA (P = 0.33). Liver IGFBP-3 mRNA abundance also did not differ (P = 0.12) among treatments (1.13, 1.08, 1.11 and 0.87 ± 0.077 for NW, EW180, EW90, and EWRG heifers, respectively). Nutrient intake positively affects the hepatic abundance of GHR-1A, IGF-1, and IGFBP-3 (Thissen et al., 1994; Smith et al., 2002; Radcliff et al., 2004) . In agreement, liver mRNA abundance of IGFBP-3 and IGF-1 on d 90 were positively correlated (P ≤ 0.05) with ADG from d 0 to 90, whereas the amount of liver IGF-1 mRNA on d 180 was positively correlated (P = 0.0002) with ADG from d 90 to 180 (Table 5 ). In addition, plasma concentrations of IGF-1 and ADG were positively (P ≤ 0.03) correlated on d 90 (r = 0.39), 180 (r = 0.49), and 270 (r = 0.26). Therefore, the lower ADG of EWRG heifers from d 60 to 90 decreased (P ≤ 0.05) the liver mRNA abundance and plasma concentrations of IGF-1 on d 90 compared to EW90 and EW180 heifers (Fig. 5a,b) . Surprisingly, NW heifers had the greatest (P ≤ 0.02) amount of GHR-1A on d 90 (Fig. 4) and a liver abundance of IGF-1 mRNA on d 90 and 180 similar (P = 0.56) to that of EW180 heifers (Fig. 5a ), which may be associated with the nutrient components of milk and the timing of tissue and blood sample collection. Liver biopsies and blood samples were collected 6 h after feed and water withdrawal, which could have decreased the magnitude of differences in liver gene expression and plasma concentrations of IGF-1 among treatments. a,b Within a row, means without a common superscript differ (P ≤ 0.05). 1 Means of yr 1 and 2 were pooled by treatment if treatment × year effect was not detected (P > 0.10). Gasser et al. (2006a,b,c,d) reported that the growth rate from EW to the time of NW (3 to 6-8 mo of age) was negatively associated with age at puberty. In agreement, EW180 heifers were youngest (P ≤ 0.01) at puberty (Table 3) . However, the timing of enhanced growth rate has different outcomes on BW and age at puberty. Ferrell (1982) reported that heifers achieving greater BW gain, starting at 7 mo of age, tended to be younger and heavier at puberty than heifers with lower growth rates. Conversely, Gasser et al. (2006c,d) demonstrated that EW heifers experiencing faster growth rates, beginning at 70 d of age, achieved puberty earlier, but at similar or lighter BW compared to heifers in lower planes of nutrition. In the present study, EW heifers tended (P = 0.11) to achieve puberty at lighter BW than NW heifers (Table 3 ). These differences in age and BW at puberty may be associated with imprinting effects that were induced by the enhanced growth performance immediately following EW, rather than a direct effect of the EW practice, as Gasser et al. (2006c) reported no differences in age at puberty between EW and NW heifers fed to achieve similar growth rates.
Surprisingly, from d 260 to 340, a greater percentage (P ≤ 0.03) of EW90 heifers achieved puberty compared to NW heifers (Fig. 6) , despite their similar BW for the majority of the study. Except for d 270 and 390, accumulative puberty achievement did not differ (P ≥ 0.15) between EWRG and NW heifers. At the start of the breeding season (d 330), the accumulative percentage of pubertal heifers was greatest (P ≤ 0.02) for EW180, intermediate for EW90, and least (P ≤ 0.06) for EWRG and NW heifers (100, 80, 57.5, and 50 ± 8.8% of EW180, EW90, EWRG, and NW heifers, respectively) . Feeding high-concentrate diets to EW heifers, starting at approximately 90 d of age, increased the frequency of LH pulse and follicular growth (Gasser et al., 2006c,d) . Such responses in the studies of Gasser et al. (2006c,d) were observed only after 120 d of feeding the high-concentrate diet. Thus, they likely explain the differences in age at puberty between EW180 heifers and the other treatments but not why EW90 heifers achieved puberty earlier than NW heifers. Day and Anderson (1998) proposed that the period from birth to puberty in beef heifers could be divided into infantile, developmental, static, and peripubertal periods. During the developmental phase (2 to 6 mo of age), which corresponds to d 0 to 90 of our study, GnRH secretion and follicular growth increases, with LH secretion and number of ovarian follicles peaking at 3 to 4 mo of age. Thereafter, the LH secretion and number of follicles decline and remain at a relatively low level throughout the static phase (6 to 10 mo of age), which corresponds with d 90 to 180 of our study. Thus, although EW90 and NW heifers achieved similar BW on d 180, the period of enhanced ADG of EW90 heifers occurred during the developmental phase, wherein the enhanced nutrient intake could have hastened follicle growth to a greater extent than at later stages, potentially when the susceptibility to metabolic imprinting effects is greater. Nevertheless, liver IGF-1 mRNA expression of EW90 heifers on d 270 was similar (P = 0.17) to EWRG heifers but greater (P ≤ 0.04) than NW and EW180 heifers despite heifers being placed on the same plane of nutrition (Fig. 5a ), which further supports the hypothesis of metabolic imprinting effects on puberty achievement of beef heifers. Additional studies are required to further investigate this hypothesis. Despite the differences in percentage of pubertal heifers at the start of the breeding season, pregnancy rates did not differ (P = 0.20; Table 4), which was expected because of the relatively small number of observations used in our study. It is important to emphasize that the main goal of our study was not to detect differences in pregnancy rates of heifers because of the small number of heifers per treatment. Thus, further studies with a greater number of observations per treatment (cows and heifers) are required to increase the chances of detecting differences in pregnancy rates. In addition to a greater number of observations, we need to consider the whole cow-calf system and evaluate pregnancy rates and calving distribution of cows and heifers and subsequent differences in weaning weights of the offspring to accurately evaluate the economical feasibility of each calf management system.
In our study, the results that were obtained through stepwise regression further support the involvement of IGF-1 on early activation of the reproductive axis. Following the stepwise regression, the predictors for age at puberty remaining in the final model (intercept slope = 540.4 ± 43.66; P < 0.0001) included ADG from d 0 to 90 (slope = -127.5 ± 55.24; P = 0.03) and plasma concentrations of IGF-1 on d 90 (slope = -0.58 ± 0.335; P = 0.09) and 180 (slope = -0.61 ± 0.276; P = 0.03). Thus, the age at puberty decreased an average of 0.59 d for every 1 ng/mL increase in plasma concentrations Within each sampling day, data were reported as fold increase relative to bovine 18S rRNA (18S) expression. NW = heifers remained with cows without concentrate supplementation until d 180; EW180 = heifers early weaned and limit fed a high-concentrate diet at 3.5% of BW (as fed) in drylot until d 180; EW90 = heifers early weaned and limit fed a high-concentrate diet at 3.5% of BW (as fed) in drylot until d 90, then grazed on Bahiagrass pastures and fed the highconcentrate diet at 1.0% of BW (as fed) until d 180; EWRG = heifers early weaned, grazed on ryegrass pastures and fed the high-concentrate diet at 1.0% of BW (as fed) until d 60 (yr 1) or 90 (yr 2), and then grazed on Bahiagrass pastures and fed the high-concentrate diet at 1.0% of BW (as fed) until d 180. a,b Within sampling day, means without a common superscript differ (P ≤ 0.05). of IGF-1 on d 90 and 180. Although plasma concentrations of IGF-1 are often used as an indicator of nutritional status and growth rate, the ADG and plasma concentrations of IGF-1 significantly affected the age at puberty of heifers. On the basis of adjusted R 2 , the ADG from d 0 to 90 and the plasma concentrations of IGF-1 on d 90 and 180 explained approximately 34% of the variability in age at puberty and had relative contributions of 26%, 2%, and 6%, respectively. Thus, our results suggest that strategies that are able to increase the plasma concentrations of IGF-1 during early life may hasten puberty achievement independently of growth rate. However, further research is warranted to confirm this hypothesis.
In summary, limit feeding high-concentrate diets at 3.5% of BW for at least 90 d in drylot and ryegrass grazing for 60 to 90 d with concentrate supplementation at 1.0% of BW were effective alternatives for EW calf management systems that may be exploited by beef producers. Furthermore, our study supports the concept that puberty attainment of EW heifers fed high-concentrate diets is associated with a critical window and also provides evidence that metabolic imprinting effects, likely via IGF-1, may enhance the puberty achievement of Bos indicus-influenced beef heifers.
